Active tactile exploration behaviour is constrained to a large extent by the morphological and biomechanical properties of the animal's somatosensory system. In the model organism Carausius morosus, the main tactile sensory organs are long, thin, seemingly delicate, but very robust antennae. Previous studies have shown that these antennae are compliant under contact, yet stiff enough to maintain a straight shape during active exploration. Overcritical damping of the flagellum, on the other hand, allows for a rapid return to the straight shape after release of contact. Which roles do the morphological and biomechanical adaptations of the flagellum play in determining these special mechanical properties? To investigate this question, we used a combination of biomechanical experiments and numerical modelling. A set of four finite-element (FE) model variants was derived to investigate the effect of the distinct geometrical and material properties of the flagellum on its static (bending) and dynamic (damping) characteristics. The results of our numerical simulations show that the tapered shape of the flagellum had the strongest influence on its static biomechanical behaviour. The annulated structure and thickness gradient affected the deformability of the flagellum to a lesser degree. The inner endocuticle layer of the flagellum was confirmed to be essential for explaining the strongly damped return behaviour of the antenna. By highlighting the significance of two out of the four main structural features of the insect flagellum, our study provides a basis for mechanical design of biomimetic touch sensors tuned to become maximally flexible while quickly resuming a straight shape after contact.
Introduction
Among all the remarkable sensory organs of insects, the antenna might be considered as one of the most complex structures. Apart from olfaction, gustation and thermoreception, insect antennae are the key sensory organs for active exploration of the near-range environment [1, 2] . The behavioural function of the antenna as a mechanosensory organ is governed by the mechanical properties of its distal part: the flagellum. For active tactile exploration, two characteristics of the flagellum are of particular importance: its compliant bending behaviour during contact events and the maintenance (or control) of a stable shape throughout the non-contact episodes. High compliance is a prerequisite for robustness and resilience in the face of unpredictable contact times. A stable shape greatly simplifies reliable tactile localization of contact sites, because it reduces the need for monitoring sensor shape. Here, we investigate how different structural features of the insect antenna affect the trade-off & 2018 The Author(s) Published by the Royal Society. All rights reserved.
between compliance during contact and maintenance of shape during active searching.
A relatively well-studied biomechanical model of the insect antenna is the long and slender antenna of the Indian stick insect Carausius morosus. The stick insect antenna consists of three functional segments, of which only the two most proximal-the scapus and pedicellus-can be moved actively (figure 1a). Both antennal joints can be considered hinge joints with 1 d.f. only [3] . The two joint axes are nonorthogonal and slanted against both the sagittal and horizontal body planes [4] . This morphological structure has been suggested to improve the positioning accuracy of the antenna [3] . Whenever a stick insect walks or climbs, it actively moves its antennae, thus raising the likelihood of the antenna touching objects in the immediate environment (electronic supplementary material, video S1).
Almost all contacts between the antenna and external objects occur on the third segment of the antenna: the flagellum (figure 1a). The flagellum of C. morosus is filiform (long and thin, thread-like). In adult animals, it has a length of approximately 25 -35 mm with a length-to-diameter ratio of approximately 100 : 1. The bi-layered cuticle has a stiff outer exocuticle layer, which allows the flagellum to maintain shape during active movement, and a compliant inner endocuticle layer that has been suggested to dampen unwanted oscillations [5] . Owing to the long and thin structure, the flagellum can strongly bend during contact events (e.g. [6] ) (electronic supplementary material, video S1). This is similar to the cockroach flagellum, which undergoes significant bending during tactually induced climbing [7] or wall-following behaviour [8] . Although it is clear that structural features such as the flagellum diameter or cuticle thickness must affect the bending properties of a flagellum, these properties vary along the length of the flagellum, both gradually (as in a tapering diameter) and locally, e.g. through annulation. Annulation refers to the structural 'subdivision' of the flagellum into several flagellomeres that are often called annuli (figure 1b). These annuli are not connected via true joints, but rather via thin cuticular 'necks'. Each annulus carries a number of sensilla, putatively allowing the insect to determine the location, taste and texture of the contacted surface during tactile exploration (reviewed by [1, 2] ).
To date, at least four structural features of arthropod antennae are known to affect the bending properties of a flagellum. These are (i) the tapering from a relatively thick base to a much thinner tip (crayfish [9] ; lobster [10] ; stick insect [5] ; cockroach [8] ), (ii) the change in cuticle thickness along the length of the flagellum (stick insect [5] ), (iii) the presence of a compliant endocuticle (a feature of insect cuticle, in general, [11] ), and (iv) the annulation of the surface structure (crickets [12] ).
Despite the large diversity of antennal morphology among insects, several of these four structural features are very common, if not omnipresent. Therefore, it is not possible to explore the functional significance of these properties through a comparative approach, for example, after careful selection of different insect species with distinct differences in antennal structure. Instead, this study combines experimental measurements with numerical simulations of a finite-element (FE) model of the stick insect flagellum. To this end, we use one 'full model' as a reference, along with a set of four deficient models where only one of the properties was discarded: (i) no annuli, (ii) no tapering of the diameter, (iii) no longitudinal gradient of cuticle thickness, and (iv) no endocuticle.
Material and methods

Static and dynamic mechanical deflection of the antenna
Adult stick insects of the species C. morosus (de Sinéty 1901) were carefully immobilized on a platform using minutien pins (N ¼ 6).
To prevent active movement of the antenna, the scapus -pedicellus joint was fixed using dental cement (Protemp, ESPE). The distal end of the pedicellus -flagellum junction was used as a reference point for the measurements. For the static deflection measurements, a minutien pin was pinned at predetermined deflection points marked on the platform. For each deflection point, the antenna of the immobilized insect was carefully moved across the pin and allowed to mechanically relax until it reached a stable shape without touching the platform. The only point of contact was the pin. Pictures of the antenna shape were taken using a digital camera (Nikon CoolPix 995). The shape of the antenna was manually tracked using a custom-written Matlab script that stored an arbitrary number of points from the base of the flagellum to the tip. Between trials, the antenna was carefully moved back to the initial resting position to prevent any effects of plastic deformation. The order of the deflection points was randomized. Measurements were performed with deflection in the dorsal direction. This kind of deflection naturally occurs whenever a downward movement of the antenna leads to a contact. This is very common during active tactile exploration in stick insects.
The curvature of the antenna was calculated from the manually labelled coordinates along the length of the flagellum, using a custom-written program (Borland Delphi 7). If not stated otherwise, the data shown for the flagellum shape are the arithmetic average for six antennae. First, a fixed number of evenly spaced nodes along the flagellum were obtained through interpolation of the manually labelled points. Then, the local curvature at the nth node, 1/r n , where r is the radius of curvature in millimetres, was determined by calculating the angle, w n , between the line segments adjacent to that node. Assuming a circle with radius r n running through a subsequent triplet of nodes n 2 1 to n þ 1, w n is equal to the angle between the lines connecting adjacent nodes and the centre of the circle (because of the even spacing of the nodes). Thus, the local radius of curvature is r n ¼ 0:5l sinð0:5f n Þ , ð2:1Þ
where l is the distance between nodes. Data for the dynamic deflection were taken from experiments published in our previous study, where the respective methods were described in detail [5] . In these experiments, the antennae of the immobilized insect were manually deflected and allowed to swing back into their resting position. The passive return movement of the antenna was recorded optically by a positionsensing photodiode. The study by Dirks and Dü rr has shown that the dynamic movements of the stick insect antennae, in particular those of dried antennae, are very stereotypical with only very small variation among samples.
The static and dynamic experiments were repeated on the antennae 3 -4 days after removal. The results were used to test the influence of desiccation on the mechanical behaviour of the antenna in both loading scenarios.
Numerical modelling 2.2.1. Finite-element modelling of the flagellum
Based on the data from previously published morphological studies [5, 13] , we developed five three-dimensional (3D) FE models of the flagellum of the stick insect. The models, created using the ABAQUS FE software package (v.6.14; Simulia, Providence, RI, USA), were designed to have different geometrical and material characteristics (figure 2).
The 'reference model' was the most comprehensive model in our study. It contained all four structural features under investigation and all four were set to be similar to a real flagellum of an adult stick insect (figure 2). It had a total length of 27 mm. The outer diameter gradually tapered from 351 mm at the base, to 187 mm in the middle section to 170 mm at the tip. The reference model formed a hollow structure with two cuticular layers, comprising a stiff outer exocuticle and a soft inner endocuticle. The thickness of the exocuticle layer was 17.2 mm at the base of the flagellum; it remained constant throughout the middle part, and then linearly decreased towards the tip to 8.3 mm. The endocuticle was modelled to have a thickness which continuously decreased from 17 mm at the base to 4.2 mm in the middle and further to 1.6 mm at the tip. The reference model contained 36 annuli with semi-elliptical shapes ( figure 1c) . The values used here are the mean values obtained from measurements on N ¼ 6 insects. Detailed information on the variations of the measurements can be found in our previous study [5] .
The model 'no annuli' lacked the annulated structure, while maintaining the tapering of the reference model (figure 2). Comparison of the results from this model and the reference model allowed us to estimate the influence of local changes in diameter and cuticle thickness on the mechanical behaviour of the flagellum.
In order to study the effect of the decreasing diameter and decreasing thickness, two additional flagellum models similar to the reference model were designed: model 'no tapering' had a constant diameter of the annuli, whereas model 'no thickness gradient' had constant cuticle thickness along the entire length of the flagellum (figure 2). The diameter of model 'no tapering' and the cuticle thickness of model 'no thickness gradient' were chosen to be equal to those in the middle section of the reference model.
The effect of the bi-layered cuticle structure, i.e. the presence of an endocuticle layer, on both the static and dynamic behaviour of the insect flagellum was examined by setting the mechanical properties of the endocuticle layer to those of the exocuticle layer (model 'no endocuticle'). As a result, the geometric features of the inner layer remained the same as in the reference model, but the material properties changed.
The above-mentioned models allowed us to investigate the effects selectively caused by annulation, tapering diameter, variable cuticle thickness and the presence of endocuticle on the mechanical behaviour of the flagellum of the stick insect C. morosus. Table 1 lists the geometric characteristics of the developed models.
General-purpose eight-node shell elements with reduced integration (S8R) were employed to mesh the developed models. While the use of the reduced-integration scheme in these elements decreased the computational time, their secondorder formulation improved the accuracy of the results.
A mesh convergence analysis was performed to eliminate the influence of the element size on numerical predictions. The number of elements used for each model is given in table 1.
Material properties
A previous histological study showed that the flagellar cuticle of the Indian stick insect C. morosus is bi-layered, with a sclerotized outer exocuticle lined by a non-sclerotized endocuticle [5] . With an assumed elastic modulus of 9.6 GPa, the exocuticle generally has a considerably higher stiffness than the endocuticle, the elastic modulus of which was set to 2 MPa [14] . These values correspond to the elastic modulus of the strongly sclerotized cuticle of the gula of the beetle Pachnoda marginata [15] and that of the highly hydrated cuticle of the intersegmental membrane of the locust Schistocerca gregaria (Jensen and Weis-Fogh), respectively. It has also been demonstrated that the exocuticle has a density of about 1200 kg m 23 [16] . Considering the strongly hydrated nature of the endocuticle, a density of 1000 kg m 23 was assigned to this layer [16, 17] . Poisson's ratio of both the exo-and endocuticle layers was assumed to be 0.49 [18] . Based on the data of the damping experiments of Dirks & Dü rr [5] on the fresh and desiccated antenna samples, the damping ratios of the exo-and endocuticle layers were set to 0.02 and 1, respectively. The material properties mentioned earlier have already been used by the authors to simulate the mechanical behaviour of several insect cuticles [19 -24] as well as the damping behaviour of the cuticle of wing veins of the dragonfly Sympetrum vulgatum [25] .
Loading and boundary conditions
The reference model was first used to simulate the static bending tests on the flagellum. The results of this simulation were employed to verify the validity of the modelling method and the solving procedure. Based on these validation results, we were able to investigate the mechanical behaviour of the flagellum, especially its deformation mechanism under both small and large deflections. For this purpose, the virtual model was fixed at the base, and then different deflections were applied to the model at three deflection points: 5 mm, 15 mm and 22.5 mm distally from the fixation site.
The simulation of the dynamic behaviour of the flagellum was performed by applying an initial deflection and then rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180246 modelling the dynamic return movements of the deflected virtual flagellum. To this end, the models followed the experimental set-up of Dirks & Dü rr [5] and were fixed at 10 mm from the base with a deflection applied at their distal end. In each case, the deflections of the models were captured at a position 5 mm distally from the fixation site.
In our simulations, we did not take the influence of gravity into account because the deformation of the flagellum due to gravitation is negligible.
Geometric nonlinearity
Based on behavioural and experimental observations, the stick insect flagellum can experience and withstand large deflections during active exploration (electronic supplementary material, video S1). These deflections are caused by the relative movement of the annuli with respect to each other. Although they are elastic, such large deflections can result in a nonlinear response of the structure to the applied loads. Numerical simulation of this nonlinear behaviour is only possible by considering the influence of geometric nonlinearities. Recently, it has been demonstrated that the application of such a nonlinear analysis yields more accurate predictions of the mechanical behaviour of insect cuticle [14, 19, 26, 27] .
The conventional linear structural analysis is based on the assumption of infinitesimal deflections. The concept of geometric nonlinearity, by contrast, considers the effect of geometric changes on the structural response of a mechanical system. The use of nonlinear analysis in a FE simulation allows the distortion of the elements experiencing high stresses and, therefore, results in more accurate solutions. In this study, we performed a nonlinear analysis, which implies a nonlinear relationship between strains and displacements. The strain-displacement equation can be generally expressed in the following form:
where 1 is the strain vector, u is the displacement field and [B] represents the strain-displacement matrix. Consideration of geometric nonlinearity results in a nonlinear strain-displacement matrix [28] . In such a case, due to the large displacements, the deformation of a model becomes nonlinear, but it still remains in the elastic range.
Damping model
The application of Newton's law for a linear elastic multi-degreeof-freedom system with linear viscous damping yields the following equation of motion [29] : . In all other model variants, one of the properties was removed. Compared with the reference model, the model 'no annuli' lacks the annulated structure. In the model 'no tapering', the annulated flagellum has a constant diameter. Model 'no thickness gradient' has a constant cuticle thickness along the length of the flagellum. Model 'no endocuticle' has the same geometry as the reference model; however, the endocuticle is replaced by exocuticle, thus removing the bi-layered structure.
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Taking into account the complexity of the damping phenomenon in a biological structure like the stick insect flagellum, it is difficult to identify all causes of energy dissipation. Here, therefore, we used an equivalent viscous damping representation to introduce the damping mechanism to our flagellum models. Rayleigh damping is a promising method for this purpose and has conventionally been used for simplified modelling of the overall damping behaviour of engineering structures [30] [31] [32] . In a recent study, we used the Rayleigh damping method to simulate the dynamic response of the cuticle of wing veins of the dragonfly S. vulgatum [25] . The method was able to precisely quantify the dynamic behaviour of the veins. Based on the Rayleigh damping method, the damping matrix is assumed to be proportional to a linear combination of the mass and stiffness matrices [33] ,
where a and b are Rayleigh damping coefficients with units of s 21 and s, respectively. The flagellum can be simplified as a single-degree-offreedom system. For such a vibrating system with the mass, stiffness and damping constant of m, k and c, respectively, we can write [29] c ¼ 2mv n z ð2:5Þ
and k ¼ mv In the above equations, z and v n are the damping ratio and natural frequency, respectively. Substituting equations (2.5) and (2.6) into equation (2.3), and using the orthogonality condition of the mode shapes, the following equation can be derived for the ith vibration mode of the system:
Considering z 1 and z m as the damping ratios associated with the 1st and mth modes with frequencies of v 1 and v m , equation (2.7) can be expressed in the following matrix form: Hence, a and b can be calculated by solving these two equations. The assumption of the same damping ratio (z ¼ z 1 ¼ z m ) for both vibration modes results in
The calculated values of the Rayleigh damping coefficients are used to define the damping behaviour of the flagellum models. Table S1 in the electronic supplementary material lists the damping coefficients calculated for each individual model.
Quality of the model
To compare the quality of the different models, we used the magnitude of the maximum curvature and its site along the flagellum. First, we normalized the length of six antennae and the numerical models. We then calculated the shape of an average antenna for each deflection amplitude and deflection point (arithmetic mean, N ¼ 6 different antennae). As an approximation for the error, we then calculated the Euclidian distance between the experimental data points and the corresponding data points from the numerical models (table 2) . To account for variation, we calculated the median Euclidian distance for each 
Results
Deformation of the biological flagellum
Our experimental results show that, depending on the amplitude and point of the applied deflection, the antenna of C. morosus exhibited characteristic deformed shapes (figure 3a showing a representative shape from N ¼ 6 insects).
The static deformation behaviour of the tested stick insect antenna was very stereotypical for each deflection direction. Only a small variation was observed between the results obtained from the tests on different flagellum specimens. The non-deflected antenna showed a typical slight ventral curvature in the distal region of the flagellum (approx. 22.5 mm from the pedicellus -flagellum joint). As figure 3 shows, a deflection in the middle section of the flagellum generally leads to a smaller local deformation than more distal deflections. The largest local deformation always occurred proximally to the deflection point. Distally to the contact point, the flagellum did not show deformations notably different from those occurring at rest.
To analyse the deformation of the flagellum in more detail, we calculated the curvature along the flagellum (inverse radius of curvature, 1/r) for each combination of deflection parameters (figure 4). For a given, fixed deflection point along the flagellum figure 4a shows that larger deflection amplitudes cause higher curvature, with very little change in the location of the maximum curvature along the flagellum. However, by contrast, different deflection points lead to different sites of maximum curvature (figure 4b). Therefore, the overall curvature profile, i.e. static shape, of the flagellum appears to be unique for any contact point in the dorsoventral plane.
In summary, the flagellum showed stronger deformations with increasing deflection amplitudes. The site of the strongest deformation was correlated with the deflection amplitude and was always located proximally from the deflection point. The largest deformations were observed in the distal or proximal regions of the flagellum. Figure 5 shows the results of the numerical simulation using the reference model and one representative experimental deformed flagellum subject to a series of bending deflections, at the base (figure 5a), in the middle (figure 5b) and at the tip (figure 5c and inset). As the corresponding shapes show, the experimental results and numerical simulations are in very good agreement for all loading conditions.
Deformation of the virtual flagellum
To quantify the goodness of the fits between the experimental data and numerical simulations, we calculated the curvature along the virtual and real insect flagellum. Then, the relative site of the largest deflection along the virtual flagellum was determined. Figure 6 presents the accuracy of the reference model (in blue colour) in prediction of the magnitude and site of the maximum curvature relative to the experimental data. The relative values were calculated for different deflection amplitudes (circles in different sizes) as well as different deflection points (base, middle and tip).
The accuracy of the reference model in prediction of the site and magnitude of the maximum curvature of the flagellum varies with the point and amplitude of the applied deflection ( figure 6 ). Increasing the deflection amplitude at the base of the flagellum causes a decrease and then an increase in the relative curvature of the reference model, shifting from an underestimated to an overestimated regime (figure 6a). At the same time, the relative error of the reference model in prediction of the site of the maximum curvature increases continuously, and crosses over from overestimation to underestimation. When applying a deflection in the middle, the reference model underestimates the magnitude of the maximum curvature for all deflection amplitudes (figure 6b). The relative curvature of the model in this deflection point varies in a small range. For the smallest applied deflection, the site of the maximum curvature predicted by the model is very close to that of the real flagellum. However, the increase in the deflection amplitude leads to overestimation and then underestimation of the curvature site. For deflections applied at the tip of the flagellum, predictions of the reference model for both the magnitude and site of the maximum curvature shift from an underestimated to an overestimated regime (figure 6c).
In addition to the reference model, we also used the four deficient models to simulate their mechanical behaviour Figure 6 , therefore, presents the relative values of the magnitude and site of the curvature predicted by 'no annuli', 'no tapering' and 'no gradient' models, as explained for the 'reference model'. It can be seen that, for the deflections applied at the base of the flagellum, all models underestimate the site of the maximum curvature, but mostly overestimate the magnitude of the curvature, especially for larger deflections (figure 6a). When the deflection is applied in the middle, the use of the models causes the underestimation of both the curvature magnitude and the curvature site (except for a few cases) (figure 6b). At the tip of the flagellum, for all the smallest deflections, our models underestimated both the magnitude and site of curvature (figure 6c). Increasing the amplitude of the deflection mostly shifted the predictions towards an overestimated regime. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180246
As a measure of goodness of fit, the Euclidian distance between the point of maximum curvature of the modelled flagellum and the corresponding mean location obtained from the experimental data was calculated. Table 2 lists the median Euclidian distances between the experimental data and the respective models for the three flagellum regions. Regarding the overall error across all deflection points (base, middle and tip), there was no major difference in the quality of the models. All models were able to predict the shape of the flagellum with a similar precision. Differences between the models, however, become apparent when looking at the different deflection points individually. Whilst the reference model, with all features included, showed consistently low errors irrespective of the deflection point, the models without annuli, tapering or cuticle gradients were less good in predicting the curvature of the middle flagellum. Figure 7 shows the results from the FE simulation of the damping behaviour of the flagellum models. Comparisons between the numerical data with those from the damping tests on the fresh and desiccated flagellum samples are shown in figure 7a ,b, respectively. We used the time constant as a measure to quantify the damping performance of the models. The time constant represents the time that an exponentially decaying system needs to decay to 36.8% of its initial deformation (1/e ¼ 0.368).
Damping capacity of the flagellum model
Although all model variants with endocuticle showed over-damped dynamic behaviour, they differed in their decay time constants (table 1 and figure 7) . All model time constants turned out to be longer than those of the experimental data, revealing stronger damping than in the real flagellum. This difference may come from the influence of the haemolymph on the damping properties of the real flagel- Our results show that the removal of the endocuticle layer had the greatest effect on the dynamic behaviour of the flagellum compared with the other imposed changes. In contrast to non-oscillatory damping behaviour of the other models (figure 7a), the 'no endocuticle' model showed an underdamped oscillatory response to the deflection (figure 7b). The 'no endocuticle' model has a natural frequency of 451 Hz. This value is in excellent agreement with the natural frequency of the desiccated flagellum, 447 Hz, measured by Dirks & Dü rr [5] .
Discussion
The results of this study illustrate the high structural flexibility of the stick insect flagellum and the role that several of the key structural features play in determining the antenna's biomechanical properties. We will discuss the relative effects of the flagellum's structural features, the role of the different cuticle layers as well as possible coding options for points of contact during tactile explorations.
The biomechanical effect of the flagellum's structural features
Insects with long, filiform antennae actively use these appendages for active tactile exploration of objects in their nearrange environment (e.g. cockroach [7, 34, 35] ; stick insect [6, 36] ) and even for communication in agonistic behaviour (e.g. cricket [37] ). During such behaviours, the flagellum is often subject to notable deflections and deformation (electronic supplementary material, video S1). How can a slender cylindrical structure like the antennal flagellum be sufficiently compliant in contact episodes and, at the same time, maintain a stable, nearly straight posture during antennal movements without contact events? Which roles do characteristic structural features such as the annulation, tapering of the diameter or gradients within the material play in determining the biomechanical properties?
As it is nearly impossible to investigate the relative effect of these elements experimentally, we here used a numerical model to simulate the characteristic bending properties of the stick insect flagellum. By removing single structural features, such as the annulations, the tapering, etc., we could investigate the relative effect of each feature on both static and dynamic bending of the flagellum (table 2) . Interestingly, the three regions of the flagellum (base, middle, tip) were affected to a different degree by the selective removal of the features from the model. Looking at the base of the flagellum, the removal of the tapered diameter had the largest effect on the static bending characteristics of the flagellum. Taking into account that the diameter of the flagellum at the tip is about half its value at the base (reference model; table 1), removal of this factor from the numerical model had the largest effect. This parallels the findings on the cockroach antenna [38] , where the tapering was shown to have a key role in controlling the flexural stiffness of the antenna. Removing the annulated structure or the gradient of thickness, however, showed no major change in the model quality. A similar pattern can be found for the tip of the flagellum, where removing the annulated structure even slightly improved the quality of the model in comparison with the reference.
The importance of the various features is even more pronounced in the middle region of the flagellum. In this part of the stick insect antenna, the static bending behaviour is strongly affected by the presence of the annuli and tapering, and only to a lesser degree by the gradient of the cuticle. The errors for the models without annuli or tapering (29.58 and 30.86 ) from the experimental data are about three times larger than the error for the reference model (9.66), while the error for the no gradient model is only about twice as high (22.81 ) as the reference model's error.
By looking at the overall quality of the models (table 2, 'total'), the general importance of the tapering of the flagellum becomes visible. Removing this feature increases the overall error of the model by almost 96% in comparison with the full-feature reference model. Removing the gradients from the model increased the error by only 27%. Interestingly, removing the annulated structure reduced the overall error of the model by 30%, and thus resulted in a better match of the numerical data to the experimental data. In contrast to the relatively strong influence of the annuli and the tapering on the static deformability of the flagellum, the effect of the annulus structure on its damping properties is almost negligible. Although the removal of the annuli and the tapering from the flagellum resulted in a shorter decay time constant, their effect on the total decay time of the flagellum was quite small ( figure 7a and table 1) . The computational data instead indicate a relatively strong effect of the thickness gradient along the length of the flagellum on its damping properties. Whilst the gradient parameter only plays a relatively small role in the static properties of the flagellum, our results show that the cuticle gradient is the most important structural feature in our dynamic models. This is an interesting observation, because it directly shows how a relatively simple design parameter, such as the gradient of cuticle thickness, could be a useful biomechanical strategy to better control the oscillatory behaviour of a slender structure.
The biomechanical effect of the soft endocuticle core
In previous studies, it has been shown that desiccation of insect cuticle can change the static biomechanical properties of the compliant endocuticle [16, 17, 39] . The numerical results of this study directly confirmed previous experimental results which showed that desiccation, which is known to affect endocuticle much more than exocuticle, strongly affects the dynamic biomechanical properties of the antenna [5] . The close agreement between the oscillatory response of the 'no endocuticle' model and desiccated flagellum specimens, on the other hand, suggests that to precisely simulate the dynamic behaviour of desiccated cuticle specimens using a numerical model one needs to simply remove the endocuticle from the model and substitute it with exocuticle. Although the exocuticle layer seems to play no notable role in the damping of the flagellum, this stiff protective layer provides the necessary structural support to allow for controlled tactile movements and protection of the fragile structures inside the antenna such as nerves, trachea and sensory cells. By increasing the damping of the flagellum, and thus limiting high-frequency oscillations, the soft endocuticle layer might help prevent structural or fatigue damage and thus improve the durability of the flagellum.
Shape of the flagellum as a possible coding option for contact points
Determining the external spatial coordinates of a contact between an active tactile system and an object requires the simultaneous decoding of several parameters, such as current shape and orientation of the antennal segments, as well as deflection of hair fields at the joints. While behavioural experiments have shown that stick insects can exploit tactile cues from antennal contact events for targeted reach-to-grasp movements of a front leg [36] , and proprioceptive hair fields at the two antennal joints are important for the control of the normal movement pattern [40] and for tactually induced orientation behaviour [34] , not much is known about how well insects can decode antennal bending. Running cockroaches of the species Periplaneta americana can infer the spatial distance to a wall from a strongly bent antenna that slides along the wall [41] . Antennal nerve recordings in this species suggest that afferent units of unknown origin can signal the change of tactile contact location of a bent antenna [42] . Recently, a modelling study that considered an array of strain-encoding campaniform sensilla along the flagellum showed that the 3D contact location can be decoded by a feed-forward artificial neural network trained to map the unique curvature of the stick insect flagellum to a 3D contact location [43] . In addition, our results show that, as expected from the mechanics of a beam, the deformation of the flagellum increases with increasing deflection amplitude. Other than in a cylindrical beam, our results show that the flagellum curvature during static deflection is not always strongest at the base. Instead, the location of the strongest curvature depends on the deflection point. Combining these two parameters indicates that the location and magnitude of the strongest local curvature along the flagellum could be sufficient to 'code' the point of contact with an object during active tactile exploration. The flagellum of cockroaches has an exponentially decreasing flexural stiffness from base to tip, which has been interpreted to simplify the control of the wall-following behaviour described above by regulating preview distance [38] . In an accompanying robotic experiment, sensory input from a biomimetic flagellum proved to be sufficient to closely follow a wall, forming a one-dimensional 'map' of the flagellum deformation. Lee et al. [44] had previously used this principle to steer a mobile robot by calculating the contact point based on the relative position of five antennal segments.
In our experiments, the largest deformations of the flagellum were always observed in either the proximal or distal region of the flagellum. Deflections with contact points in the middle section of the flagellum thus did not result in large local deformations in this section, however, in the proximal section of the flagellum. Hence, in respect to its bending behaviour, the flagellum of the stick insect could be subdivided into three equally sized functional segments: (i) proximal part (0-10 mm) with generally large deformations, (ii) middle part (10 -20 mm) with generally very small deformations, and (iii) distal part (20-30 mm) with large, deflection-dependent deformation. Based on distinct morphological properties of the flagellomeres, a functional subdivision into three such segments of the flagellum has already been suggested in our earlier work [5] .
Future experimental studies should address possible differences in deflection direction of the antenna. Interesting biomechanical direction dependence has been previously shown for Cherax destructor [9] . When deflected in a medial direction, the flagellum of Cherax showed notably smaller deformations than during deflections in lateral directions. With increasing deflection amplitude the site of the strongest deformation of Cherax antenna also moved towards the base of the flagellum.
Conclusion
Our results show that basic structural features of the stick insect flagellum can be used to generate a suitable numerical model for static and dynamic bending of the stick insect rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180246 antenna. The tapering of the flagellum affects the curvature characteristics of the antenna. Damping of the flagellum is mostly affected by the presence of the endocuticle and to a minor extent by the annulation of the flagellum and the overall thickness of the cuticle.
In respect to active tactile exploration, these simple structural elements of the flagellum could be implemented to improve bioinspired artificial tactile sensors. Combining a tapered stiff outer cone with a compliant inner structure would allow for a high structural stiffness and controlled movements, yet damped oscillations. By connecting several annuli-like smaller segments together, this bioinspired antenna would also allow for controlled bending without breaking.
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